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1. OBJECTIVE

Double pulse holography is utilized to study the mechanical deformation
properties of very large vehicle components. The holographic fringe data are

analyzed in order to obtain global dynamic information over large sections

of the vibrating vehicle surface. This information provides a means for

improving vehicle desing and performance while reducing the level of acoustic
and structural vibration.



2., INTRODUCTION

Several years ago, basic and applied research programs were initiated
on holographic interferometry at TACOM. Continuous Wave (CW) holography
was first utilized with a HeNe laser to investigate the acoustic and
vibrational characteristics of relatively small components. The exposure
times for these holograms were quite long because the photographic film
speed was slow and the HeNe laser had a low power output. Since the
exposure time intervals were several seconds in duration, the very low
frequency building and environmental background vibration levels caused
considerable problems unless the test components were put on an isolation
table. This latter requirement puts severe limitations on the size and
location of the holographic test specimens.

The CW holographic interferograms consisted of time average, double-
exposure, and real time holograms. The quality and reproducibility of
these holograms were excellent. The real time holograms were quite useful
because a single exposure can be used to view the fringe pattern over a wide
range of vibration frequencies. An acoustical-optical modulator was used
to gate the CW laser beam and provide excellent real time fringe contrast.
The time average interferograms produced excellent quality fringe patterns
which were limited to a single vibration frequency.

Continuous wave (CW) holographic techniques, which utilize HeNe or
argon laser light sources, are limited in a number of ways. The test
object in CW holography has to be isolated from the environment because
the maximum tolerable motion of the experimental apparatus is about one-
eighth of the laser light wavelength. CW holographic interferometric
techniques are restricted to the measurement of very small amplitudes. A
maximum displacement amplitude of about 25 wavelengths is possible using
strobe light techniques such as acoustical-optical modulators.

These limitations with CW holography can be circumvented by using
double pulse holographic techniques. This work is based on our resuvlts
which are obtained with a holographic camera that employs  a Q-switched
ruby laser. Each laser pulse has a duration of approximately 30 nano-
seconds which is much less than the periods of the vibrating structures.

The separation time between pulses varies from a few microseconds up to

about one millisecond while typical values usually range between 200 and

500 microseconds. Pulse separation time intervals are kept less than one
millisecond to avoid isolation problems with the low frequency building
vibrations but are still long enough to record surface displacement occurring
at the frequencies of interest. These pulse separation times are much
shorter than the vibration periods of large amplitude displacement functions
in order to maintain observable fringe densities.
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Double—-pulse holography also provides a measurement technique for the
analysis of vibrating components with large surface areas. A particular
advantage of pulse holography is that ruby lasers can be designed to provide
a very large output energy for the uniform illumination of large mechanical
structures. Holography in general requires no contact with the test specimen,
and it gives a solution to a classical problem in the areas of both acoustic
and vibration analysis. The surface motion is represented by a fringe
pattern which connects points that have the same displacement during the
time interval between the two pulses., Since holography is based in inter-
ferometry, the accuracy of the object motion is measured to within a fraction
of the wavelength of light.

3. DESCRIPTION OF EQUIPMENT

A Korad model K1400QDH/KHCL holographic camera was used to produce
the holograms. This camera consists of three units: the camera head,
Figure 3.1, two power supplies, Figure 3.2, and a closed cycle water cooling
system. The laser head is mounted on a heavy duty camera tripod, which can
be swiveled and angled to permit the illumination of objects with complex
geometries, All the units are mounted on wheels and are reasonbly portable.
The complete system is shown in Figure 3.3. A diagram of the optical layout
of the laser head is shown in Figure 3.4. Low energy laser radiation is
generated by the ruby oscillator cavity (bottom of figure) and transmitted
through two ruby crystal amplifiers. The resulting amplified radiation is
divided into two equal intensity divergent output beams. A part of the
amplified laser beam within the optical head is split off and used for a
reference beam and beam energy monitor. The interference pattern resulting
from the interaction of the light reflected from the vibrating object and
reference beam is recorded on film that is located on top of the front end
of the laser head. The most critical part of the holographic system is the
ruby oscillator cavity, Figure 3.5, that consists of rear and front etalons,
Pockels cell Q-switch and the ruby rod. The two etalons contain Fabry-Perot
elements that are individually tuned by controlling the temperature to within
0.2°C. This is accomplished by using insulated enclosures and resistive
heating elements with appropriate control circuits to maintain a very uni-
form etalon temperature over long time intervals. In addition, by incor-
porating extra reflecting elements in the rear etalon, the temporal
coherence is increased by decreasing the TEM,, line width.

- The temporal coherence length of each holographic exposure can be monitored
by using a Fabry-Perot (FP) interferometer mounted on a bracket along side of
the holographic camera head. The FP interferometer, Figure 3.6 consists of a
Fabry-Perot etalon, a diverging lens, and a Galilean telescope with a mag-
nification of 15.A Polaroid camera back records the interference pattern that
consists of concentric circular rings of various diffraction orders. The laser




Figure 3.1

Holographic Camera Head. The Film Holder is
i.ocated on Top and Front of the Output End.




Figure 3.2

Laser Power Supply and Firing Controls with
Ancilliary Monitoring Instrumentation :

"

‘Figure 3.3
The Holographic Camera Facing Test Vehicle
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OPTICAL LAYOUT FOR REFLECTION HOLOGRAPHY

Figure 3.4
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Figure 3.7
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output is multi-moded if these interference orders have a multiple structure.
Figure 3.7 is an example of an interference pattern for a double pulse,

single mode laser output. Each of the diffraction orders is a singlet and

the relative temporal coherence of the two pulses is greater than 7 meters.
Figure 3.8 is a FP interference pattern where the output energy is distributed
over several longitudinal cavity modes. The relative temporal coherence of
this double pulse output is only a few centimeters.

For maximui temporal coherence stability, the laser oscillator is tuned
to emit light just above a threshold energy of 5 millijoules per pulse. The
laser output is Q-switched to produce a pulse width of 20 to 30 nanoseconds
which after two stages of amplification is increased to a peak power output
of 100 megawatts or an average of 2 joules per pulse.

Consistent single-mode, double-pulse laser output requires a temperature
control of the oscillator ruby rod to within 0.1°C to maintain longitudinal
mode stability. In addition, the room temperature must be held nearly
constant to within a narrow range of a few degrees centigrade in order to
maintain steady state heat transfer in the aluminum base plate and optical
and electrical components. Once these conditions are achieved only a
minimum amount of skill and tuning are required to obtain consistent single
mode double pulse exposures.

A time history of the vibration patterns relative to the instantaneous
object motion is important for large complex vibrating structures such as
automotive and military vehicle components. The "fire" button in the
original design of the holo-camera initiates an internally generated
electronic sequence which opens the film shutter approximately 0.2 sec before
firing the laser flashlamps. This procedure produces a delayed holographic
exposure that is not synchronized relative to the vibrating object. Holograms
obtained in this manner have a random time orientation relative to the periodic
motion of the vibrating object.

To extend and improve the capability of our holographic technique, two
modifications were made that permitted exposures in sequence relative to
some reference signal. First, the shutter was disconnected from the laser
firing circuit and manually triggered, which eliminated the built-in 0.2
second delay. Second, the internal triggering circuit was modified by
disconnecting the time delay circuits and firing the laser flash-lamps
directly by means of an external solid state switch, which reduced the
trigger delay time to a consistent 75 microseconds. The external solid state
switch was switched "on" by gate pulse from a 2 channel-storage oscilloscope
inserted in the laser firing circuit as shown in the upper part of Figure 3.9,

A typical sequence of electronic events can be described as follows:
the manual single shot trigger on the storage oscilloscope initiates a beam
sweep across the CRT for a preset amplitude and slope level of the trigger
waveform. A 5 volt gate pulse is simultaneously generated which triggers
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a digital delay generator. The delayed output initiates the solid state circuit
which uvltimately fires the laser. The relative phase between the exciting wave
form or trigger source and laser output is easily varied by adjusting the
digital delay.

Typical storage oscilloscope traces of the laser pulses and the reference
trigger pulse are shown in Figure 3.10, The double laser pulse (top trace)
with a 150 microsecond pulse separation time, and the triggering wavefornm
(bottom trace) are displayed simultaneously on the 2-channel storage
oscilloscope. The reference trigger pulse is obtained by wrapping a single
turn of copper wire around the No. 1 spark plug cable of a 4 cylinder-4
cycle M151 Z-ton truck engine as shown in Figure 3.11. A 5 megohm resistor
in series with the inductive pick up was required to reduce the voltage level
to the operating range for the oscilloscope input. In Figure 3.10, the engine
is running at 3,000 RPM with the laser firing 5 msec after the No. 1 spark
plug pulse. The sweep rate of the oscilloscope is adjusted so that the two
trigger pulses are displayed during a time interval of 2 engine revolutions
or 720° of rotation.

External excitation of the vehicle body was done with a piezoelectric-—
magnetostrictive vibration generator system which was bolted on the cowl of
the vehicle as shown in Figure 3.12. An example of double pulse laser
illumination of the vehicle at 66 Hz is shown in Figure 3.13. At higher
excitation frequencies, however, the second illumination pulse will occur
several periods after the first as shown in Figure 3.14 for a 16.3 KHz
excitation of a turbine blade. An electronic block diagram of the vehicle
shaker system is shown in Figure 3.15. The magnitude of the force imparted
to the vehicle was varied by an attenuator inserted in the oscillator output.
A piezoelectric force and accelerometer transducer gage attached to the
vibration generator head monitored the force and acceleration level at the
point of attachment on the vehicle.

4. RECONSTRUCTION AND PHOTOGRAPHY

A HeNe continuous wave (CW) laser was used to reconstruct the holograms
in this report. A 35mm camera using Kodak 2615 red sensitive film was
particularly effective for photographing the virtual image of the pulse
holograms. These holograms were recorded on 4 in x 5 in Agfa-Gaevert film
and plates which were developed in D-19 solution for approximately 3-5
minutes. Since the reconstruction beam was not identical in curvature to
the original reference beam, a corrective lens was placed in the recon-
struction beam to compensate for these effects. The result was a much
" clearer image over a wider field of view.

10



Figure 3.10

Double Pulse Laser Illumination (Top Trace); Spark Plug Trigger
Output (Bottom Trace) with Engine Running at 3000 RPM. Distance
Between the Beginning of the Bottom Trace and Pulse Represents

2 Engine Revolutions.

Figure 3.11

Top View from the Front End of the M151 Engine Spark
Plug Trigger Connection.
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Figure 3.13

Illumination (Top Trace) of a Vehicle Being Shaken
at a Frequency of 66 Hz (Bottom Trace).
Pulse Separation is 150 Microseconds.
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Figure 3.14

Double Puise Illumination of a Turbine Blade at 16300 Hz.
The First Pulse is Triggered Slightly Before the Sinewave
meak while the Second Pulse is Fired 150 Microseconds Later
During the Third Cycle. The Dashed Lines are Due to the
Resolution of the Chopplng Frequency by the High Sweep Rate.

ELECTRONIC BLOCK DIAGRAM OF VIBRATION
GENERATOR SYSTEM

MATCHING POWER " RMS
NETWORK [ AMPLIFIER [ vOLTMETER [“&—]ATTENUATOR

}

OSCILLATOR

_ VIBRATION
GENERATOR

FORCE GAUGE SIGNAL
NS -—3» 0SCILLOSCOPE

Figure 3.15
Electronic Block Diagram of the Wilcoxon Vibration System
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5. DISCUSSION OF RESULTS

An example of 7 meter coherence length holography is shown in Figure 5.1
which is a hologram of a 3.5 meter test board with black vertical lines 20 cm
apart. It should be mentioned that only 75% of the board is visible in this
photograph, however, the entire board and the back wall of the room are
visible when viewing the holographic image with the naked eye. Figure 5.2
is a double pulse hologram of a vacuum pump drive with an electric motor
running at 1,725 RPM. The parallel fringes on the exhaust baffle and intake
tube are caused by rotational cantilever motion while the 'bull's eye"
pattern on the base and side panels are due to complex mode excitations. A
double pulse hologram of a man, Figure 5.3 standing 2 meters in front of
the camera reveals the tiny muscle movements of the human body as indicated
by the fringe contours on the laboratory coat. The regions of highest fringe
density have the largest amplitudes of vibration. The fringe contrast in
this hologram is high because the two ruby pulses have nearly identical
amplitudes. The pulse separation time between the two laser pulses is about
500 microseconds. Although designed for large structure holography, the
capability of this camera for illuminating small objects is shown in Figure
5.4 where a solid turbine compressor blade excited at a frequency of 16.3 KHz.

The first military vehicle which was selected for holographic analysis
was a M151 Z-ton utility truck. This vehicle is shown in Figure 5.5 with an
artic cab kit. A water soluble white paint was applied to the vehicle to
increase the reflectance of the surface. The driver's side of the vehicle
was struck with a plastic tipped hammer to produce an impulse force. The
vehicle continued to vibrate for a period of time after the impact before
damping to zero. The ruby laser was fired manually a short time after the
impact as shown in Figure 5.6. Several other holograms were also taken in
the same manner with a random time interval between the laser pulses and the
hammer impact. The resulting fringe patterns differed significantly in fringe
spacing and contour. This assortment of holographic fringe patterns is useful
for studying the entire motion of the vehicle surface during one cycle of
the periodic displacement. A more systematic approach would utilize an external
triggering circuit to vary the time interval between impact and the laser
pulses by a constant value. The latter technique provides a more reproducible
method for obtaining a time sequence of double exposure holograms. Figure
5.7 is an identical configuration té Figure 5.6 except that the time interval
between impact and the laser firing is much longer for the latter. The
fringe spacing in Figure 5.7 is much larger because the vibration amplitude
is considerably more attenuated when compared with Figure 5.7.

The largest fringe densities in Figures 5.6 and 5.7 are clearly located
on the door panels. These panels consist of thin sheet metal which is
fastened with screws over the door frame. The regions with complex circular
fringe patterns are relatively isolated from one another by the interior
structure of the door. The fringe lines are regions of constant differential

14
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Figure 5.1

Hologram of 3.5 Meter Board Illustrating 7 Meter
Coherence Length. Vertical Lines are 8 Inches Apart.
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‘Figufe'5;2
Fringe Patctern Generated on a Vacuum Pump Driven
by an Electric Motor.

Figure 5.3

Hologram of a Man Showing the Minute Vibration Patterns -
Transmitted to Outer Clothing by Natural Body Movements.

16
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Figure 5.4

An Example of a Small Area Double Pulse Holography of a Turbine
Compressor Blade Excited at 16300 Hz. Pulse Separation 150
Microseconds.

Figure 5.5

Position of Vehicle for Sideview Holography. .Driver's o
side of Vehicle is Painted White tc Enhance Light Reflectivity.

17




Figure 5.6

Hammer Impact on the Side of the Vehicle which is Characterized
by the Development of Complex Fringe Patterns on the Thin Sheet
Metal. Laser Pulse Separation At=150 Microseconds.

18



Hammer Impact.

Figure 5.7
Damping at Point of Impact Indicates

Late Laser Illumination. 4t=150 Microseconds.
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displacement or constant average velocity during a time interval A t. Regions
which have large fringe densities correspond to large surface velocity
variations. These areas are particularly important in acoustic power radiation
determinations.

Figure 5.8 is a double exposure hologram of the rear portion of the left
door panel. A hammer blow is also’'exciting the structure at a point between
a pair of "bull's eye'" fringe patterns. Note that these circular fringe
patterns are nearly identical, except for fringe contrast reversal.

An ideal situation would be to obtain holographic exposures of a military
vehicle while it is actually traversing over typical terrain conditions.
This procedure would provide a real-time evaluation of the complex interaction
of the road and engine induced vibration on vehicle components. The rigid
body motion of the vehicle, however, would generate a large number of fringes
which would obscure the deformational motion of the vehicle. A more feasible
approach might be to simulate off-road conditions by using a large hydraulic
shaker to which the vehicle is mounted on four independent actuators. Each
actuator would be driven by a forcing function derived from field data. A
more practical approach for our limited resources was to mount a small electro-
mechanical shaker on the vehicle structure and apply sinusoidal force inputs
up to 50 lbs. RMS.

Figure 5.9 illustrates the test configuration of the M151 from a frontal
view of the vehicle. The force transducer is bolted to the front cowl in
the left hand portion of the photograph. The vehicle is excited at a structural
resonant frequency of 66 Hz at two force levels of 27 1lb and 50 1lb. Double
pulse holograms of the M151 at these two force inputs are shown in Figures
5.10 and 5.11. The relative phase orientation of the laser pulses and the
accelerometer signal from the transducer is shown in Figure 3.13 and it is
roughly the same for both holograms. The regions near the head light assemblies
and the radiator grill have comparatively large fringe densities relative to
the hood and cowl assemblies.

An important area of study was engine induced vibration on the body
structure and engine components. This phenomenon is particularly related to
the acoustic noise which is radiated from the various panels and components on
the vehicle surface. Holography provides an important tool for studying the
instantaneous acoustic and vibration displacement functions over large regions
on the vehicle surface. This global picture is, in many instances, quite
difficult to obtain using discrete transducer measurements at several locations
over an extended time interval. Three examples of double pulse holograms are .
shown in Figures 5.12, 5.13, and 5.14 for the M151 engine operating at 1,500
and 3,500 RPM. The fringe patterns are quite dense and complex on the driver's
door. The thin sheet metal structure of the door can be easiiy excited to
generate large mechanical displacement. These regions are particularly
efficient for generating copious amount of readiated acoustical power.
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Figure 5.8

Hammer Blow on Door Showing Unusual Double Bull's Eye Pattern
180° Out of Phase. At=150 Microseconds.
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Figure 5.9

Front End of M151 Vehicle. The Electro-Mechanical Vibrator
is Mounted Behind the Right Front Fender, and Activated
Remotely Prior to Laser Firing.

Figure 5.10
Vehicle Shaken with a 27 Pound Force at 66 Hz. Laser Pulse
Separation At=300 Microseconds. The Thin Sheet Metal of the
Hood, Windshield Frame, Front, Displays a Complex Vibrational
Pattern.
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Figure 5.11

Vehicle Shaken with a 50 Pound Force at 66 Hz. The Fine Fringe

Pattern Indicates a Large Vibration Amplitude. Laser Pulse
Separation 4at=300 Microseconds.

Figure 5.12

-Vibration Pattern on Driver's Door with Engine Running at

1500 RPM. Random Laser Triggering with Pulse Separation
At=300 Microseconds.
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'Figure 5.13

Vibration Pattern on Driver's Door at 3000 RPM. Fine
Structure Indicates a Large Amplitude. Random Laser Triggering
with Laser Pulse Separation at=300 Microseconds.

Figure 5.14

Fringe Pattern on Door Due to Accelerating Engine. Random
Laser Triggering with Pulse Separation At=300 Microseconds.
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4 CYCLE — 4 CYLINDER ENGINE

je———2rev. g |
0° 180°  360°  540°  720°
#1 #1 (SPARK PLUG

#3 #2 FIRING ORDER)

0 30 60 90 120 (MS) — (1000 RPM)
0 15 30 45 60 (MS) — (2000 RPM).
0 10 20 30 .40 (MS) — (3000 RPM)

Figure 5.15

The Spark Plug Firing Sequence of a 4 Cylinder - 4 Cycle Gasoline
Engine. For all Engine Holograms, the Laser Pulses were Triggered
with Respect to the Firing of the #l Spark Plug.

Figure 5.16
‘Laser Head Pointed at the Engine for Engine Holographic

Exposures.
: 25




Figure 5.17

Holographic Field of View of M151 Engine. The Prominent Engine
!Components are: Top, Valve Cover; Left, Distributor; Center,
‘0il Filter; Right Bottom, Radiator Hose and Radiator.
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Engine Holographic Series at 1050 RPM

Figures 5.18 through 5.21 represent a series of double
exposure holograms taken of the right side of the M151 starting
at a time t=0 which is synchronous which the number 1 cylinder
spark plug pulse. The time interval between pulses was main-
tained at a constant 150 microseconds.

Each of these holograms represents some combination of
rigid body and compliant motion. The engine is rocking on
its motor mounts giving rise to a substantial amount of rigid
body rotational motion which is indicated by the straight
parallel fringes on the distributor, oil filter, and electrical
cables. If the laser timing is such that a particular region
on the engine is near the point of its maximum rotational swing
where the differential displacement is small during the time
interval At, then the parallel fringes will be rather widely
spaced. Since the various engine components have rotational
motion with varying amplitude and phases, then the parallel
fringe patterns will generally be quite distinct. ‘A sequence
of holograms taken at different times during the firing
sequence will provide enough information to determine the
magnitude of the rotational phase between various components.

The curvature of the holographic fringe patterns on the
engine is generally due to compliant or deformation type motion.
The valve cover is a classic example as are the radiator hose
and the spark plug cables. The spark plug cables are
particularly interesting since the curved bending fringes are
between parallel fringe patterns indicating the location of a
potential fatigue area caused by mechanical bending stresses.
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Figure 5.18

Engine Speed: 1050 RPM. Holographic Illumination Just
Before the Firing of the #1 Spark Plug, t=0 ms.
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Figure 5.19

Engine Speed: 1050 RPM. Holographic Illumination During
.  the Firing of the #1 Spark Plug, T=30 ms.




Engine

Figure 5.20
Speed: 1050 RPM,

30

t=60ms




'Figure 5.21
. - Engine Speed: 1050 RPM, t=100ms

%
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Engine Holograpgic Series at 2000 RPM

Figures 5.22 through 5.27 represent a series of holograms taken when
the engine is running at 2000 RPM for a pulse separation time of 150
micro-seconds. As expected an increase in engine RPM results in
larger fringe densities and displacement amplitudes.

The flexural fringes on the radiator hose represent an interesting
effect. The excitation frequencies which are present at an 2000 RPM
engine speed generate an anti-resonance condition on the hose itself,
The broadly spaced fringes both parallel and perpendicular to the
length of the hose represent a significant nodal point of vibration
which occurs at 2000 RPM and not 1000 RPM.
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Figure 5.22

Engine Speed: 2000 RPM t=0Oms
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Figure 5.23
Engine Speed: 2000 RPM
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Figure 5.24

Engine Speed: 2000 RPM t=10ms. A Distinct
Feature is the Saddle Point due to Bending Motion
of the Radiator Hose. '
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Figure 5.25
Engine Speed: 2000

36

RPM

t=15ms



Figure 5.26
Engine Speed: 2000 RPM t=17ms
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Figure 5.27

Engine Speed: 2000 RPM t=25ms. (#3
Spark Plug is Disabled)




Engine Holographic Series at 3000 RPM

Figures 5.27 through 5.30 are a sequence of double pulse holograms
which were taken at an engine speed of 3000 RPM. Note again the
large flexural bending node on the radiator hose. The compliant
motion fringes on the valve cover are generally more complicated in
shape and more fringes orders are visible on all engine components
because of the larger displacement amplitudes.
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Figure 5.28

Engine Speed: 3000 RPM

40

t=0ms



Figure 5.29
. : Engine Speed: 3000 RPM t=15ms
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Figure 5.30
Engine Speed: 3000 RPM t= 30ms
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Driver's Door Panel on the M151 (Jeep) with the Engine Running
at 3000 RPM :

Figures 5.31 through 5.35 are a series of double exposure

holograms of the thin sheet metal door on a winter cab kit

g for the M151 (jeep) vehicle. The original hologram contained
an image of the entire left side or driver's side of the vehicle
while the photograph of the holographic image contains the door

. itself with dimensions of 49 in. X 44 in. Several notable
features of these holograms include the discontinuities in the
fringe patterns at.the space between the edge of the door and the
body of the vehicle, and the large circular bull's eye fringe
patterns on the door itself which are regions of relatively large
fringe density are unconstrained by the fixturing in the door
while the regions with broad fringe patterns are well constrained .
and relatively stiff. Since the period of vibration for these
holograms is generally much longer than the pulse separation time
At between pulses, the fringes patterns are proportional to
velocity rather than displacement and are important data for
determining acoustic sound radiation from these moving surfaces.




Figure 5.31

Driver's Door, Engine Speed: 3000 RPM, t=0, t=150
Microseconds. The Outline of the Door, Frame and

Gas Caps are Readily Visible. Each Structure is
Characterized by its Unique Fringe Pattern. A Fine
Fringe Structure Indicates a Large Relative Displacement.
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~Figure 5.32

Driver's door, Engine Speed: 3000 RPM,t = 3ms. This
Hologram was taken shortly after the #1 Cylinder Firing.
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Figure 5.33

Driver's Door, Engine Speed:

3000 RFM

t=6ms



*®

Figure 5.34

- Priver's Door, Engine Speed: 3000 RPM, t=10ms.
The Firing Time of #3 Cylinder
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Figure 5.35

Driver's Door, Engine Speed: 3000 RPM, t=l4ms.
This Pattern is Almost Similar to Figure 50 at the
Beginning of the Firing Sequence. Notice the Re-
appearance of the Fringe Pattern on the Gas Cap.
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A series of holograms have been taken of the M151 vehicle relative to the
engine firing sequence as illustrated in Figure 5.15. The number one spark
plug firing pulse is monitored inductively as described in Figures 3.9 through
3.11. A typical procedure is to operate the engine at some constant RPM level
and adjust the delay in the laser triggering circuit to a preset value. These
delay times correspond to a relative shift between 0° and 720°, The entire
motion of a particular vehicle component can be represented at a particular
RPM value from a sufficiently large sequence of holograms.

Figure 5.16 illustrates the orientation of the pulse laser holocamera
relative to the engine compartment in the M151 vehicle. Figure 5.17 is a
close-up view of the engine from the perspective of the holographic plate.

Figures 5.18 through 5.30 represent three sequences of holograms of the
M151 engine rumning at 1,050 RPM, 2,000 RPM and 3,000 RPM. From a visual
inspection of the holograms, a number of engine components can be easily
identified such as the distributor, oil filter, valve cover, radiator hose,
fan housing and spark plug cables. The complexity and diversification of
the automotive engine presents a difficulty in analyzing such structures for
mechanical integrity. In contrast, the vfbrafion configuratiori on a flat
surface generated by the engine running at 3,000 RPM, Figures 5.31 through
5.35, illustrates the development of more well-known classical modal structures.

From these series of holograms of a typical automotive structure, it is
apparent that double pulse holography has the capability of recording.
important information about local vibration amplitudes in terms of fringe
contours and density. Areas on structures or components which may be
susceptible to fatigue would be identified by large fringe densities particularly
at stressed locations, such as bends or joints. This technigue, when used in
conjunction with other interferometric methods and computer modal analysis,
can be quite valuable in analyzing potential fatigue problems early in the
prototype development stages.

6. HOLOGRAPHY INTERFEROMETRY

6.1 Theory

A schematic diagram of a typical holographic setup is illustrated in
Figure A.l1. The laser beam illuminates the object at 0 and the holographic
plate is positioned at Q. The diffracted light from the object surface P
produces a Fresnel hologram ‘at the film plane Q. The interference pattern
which is formed by the object and reference beams produces the holographic
image at Q. ' /
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The optical field which is recorded on the holographic plate is
proportional to

2 2 2
CIR + 0]" = C|IR|” + C|O|” + CR*0 + CRO* (6.1)

where C is the illuminating wave, R is the reference wave, and 0 is the
object wave. The third term in Equation 6.1 is proportional to the original
object. A holographic image reconstruction produces a virtual image of the
object if the holographic plate is illuminated by another laser beam R. The
term RR*0 is now proporticnal to the object beam O via the real !u.-tion R*R.
Since R and O may be functions of time during the exposure interval, the
third term in Equation 6.1 is a sum of incremental contributions:

W = Af R*0dt (6.2)

where the time integration is over the exposure interval and the constant A
depends on C, the exposure time, and the properties of the recording medium.
The relative irradiance is
2 2
I/I = |w|"/|w | (6.3)
o ‘ o

where W is the primary reconstructed wave for the moving object, W is the
primary reconstructed wave for a stationary object, and I and IO are the
corresponding irradiances.

6.2 Uniform Motion

The object motion will degrade the holographic images and this degradation
can be used to analyze the motion. This analysis technique is called holographic
interferometry if the interference fringes are formed on the object and can be
used to measure small changes in the motion of complex three-dimensional
objects. The object motion generates a complex phase factor for the optical
path difference d:

0 =0, exp(JKdo) (6.4)
where K = 21/% and d_ may be a function of time. The above analysis assumes
that the reference and object beams are matched to within the temporal
coherence length of the source laser.

Figure 6.1 illustrates the geogetrical considerations for the holography of
moving objects. The displacement d_for this example is perpendicular to the

surfaces z(t,.) and z(t.,). The anglés a and 8 are the respective orienEations
of the objec% and reference beams relative to the displacement vector do is

d = v At (6.5)
(o] o
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where v_ is the average velocity of the planar object surface during the time
interva? t, - t, = At. The rays O1 and O, correspond to the optical paths
of the object beam at times tl and tz. Tge path length difference d between
Oi:and O2 is 7 o , o ,

d=d (cosa + cosB) = vAt ", ! (6.6)

A more detailed derivation of the result in Equation 6.6 can be found in
Appendix Al. LT S S

The illumination of the object with a single rectangular pulse of duration
T for a uniform motion d0 = voAt is given by the expression

W= AJ”T exp(jKvt)dt ,
A A (6.7)
| .= AT(expl[jKvT1-1)/jKvT
Since IWOI = A“T”, the relative irradiance is
1
L2 s 2
I/I_ = (sin"k_vT/2)/(k_vT/2)
o 2 2
(6.8)

2 .
= sinc (avI/X).

‘Equation 6.8 is a well knpw function which has zeros that occur at v T/) =
1,2 ... and these zeros. correspond to dark fringes.that form contours of equal
velocity.

Although a rectangular pulse shape may be realistic for a chopped continuous
wave laser, Q-switched pulsed lasers have an apgroximately Gaussian intensity
profile which is proportional to exp[-41n2(t/T)”], where T is the full pulse
width at half maximum power. The quantity W .for uniform motion and a Gaussian
intensity profile is

AS exp[-z.lnz(t/T)Z]exp(j.Kvt)dt

W =
—e i , (6.9)
; 2.2 2
= (AT/2) {n?anexp[—K v'T"/16 1n 2] .
. 2 22, . .
Since IWOI = 7T"A"/1n2, the relative irradiance is

I/I_ = exp[-k>v2T2/8 1n2]
° . 2 (6.10)
expl[-r"(vT/A)"/21n2]
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The equation 6.10 is a function of the parameter vT/XA where v is the velocity
of the object surface during the pulsed illumination, T is the half-power pulse
width, and A is the wavelength of the laser light source. The parameter T is
approximately 20 nsec for a Q-switched ruby laser; consequently, the factor
vT/\ satisfies the following equation: " '

vI/A << 1. , « (6.11)

The quantity I/Io is approximately equal to one, and the Gaussian pulse
approximates quite well a narrow rectangular laser pulse.

If two or more narrow pulses are used with a constant pulse separation, then
velocity fringes are formed for uniformly moving objects. Consider now a
hologram where a series of N pulses illuminates the object, and each pulse is
separated by a constant time interval S with a rectangular shape and an infinite-
simal pulse width. The reconstructed wave W is described by the following
expressions: ’

® n-1
W=AJS_ I &(t-nS)exp(jkvt)dt
n=0

- (6.12)

= A I exp(jnkvs) .
n=0

This geometric series is summed so Equation 6.12 becomes
W = A(sinNkvS/2)/sinkvS/2 . (6.13)
. 2 22 " T |
Since lwol = N°A%, the relative irradiance becomes
. 2 2 2
1/1Q = [sin“wN(vS/1)]1/N"sin"(avS/1) - (6.14)
When N=2, then
/I = 3 + (3)cos2mv5/A (6.15)
for narrow rectangular pulses. This form for the irradiance function is the

classic double pulse interferogram where the object displacement between pulses
is vS.

6.3 Uniform and Vibration Motion

The optical path difference for an object undergoing a combination of
uniform and sinusoidal motion simultaneously is d = vT + % sinwt where & and
w are the amplitude and frequency of vibration. The quantity W for a single
pulse of infinite duration is
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= ﬁéﬁ%xp'[“-"zélﬁ”z (+/1)* ]'exp[jk‘('\fta»’p,siﬁm*c) lat (6.186)

This egquation tan be rewritten using a sefies expan51on of exp[3k251nwﬁ] in
terms of the nth order Bessel functions- J (ke):

K-} . o

A Tlexp[-41n2(t/T) exp(jvt) TJ_(k)exp(inut)at

=
il

-® 0 il (6.17)
- -]

(AT/2) ¢ #/1n2 £J (ki)exp[ (kvmw) ‘T /161n2]

Nize @

it

If the vibration period (w/zw)‘i is small compared 6 the pulse width (wT>>1)
and the object velocity is much less than ene wavelength péer v1brat10n périod
(kv<<w), then Egquation .17 beCOmes

= (aT/2)/ 1/1n2 Jo(klleitp[a'kzvé‘fz/léiﬁ?}; {6.18)

Since w = w2A2T2/41n2 the relative irradiancé is

1t

I/Io Jog(kl)exp[ﬁkgv%Tz/Blnéj
(6:19)

J02(2wz/i)e'xp[—n2(vf/x 12 /2inz] .

The quantity I/I_ is plotted in Figure 6,2 a§ a fuiietion &f £/%. The relative
irradiance function ig proportional to J°, and whosé ZErcs correspond to dark
fringes that form contours of constant v?bratmn ampﬁ%aée Theésé fr:mges are
identical to those from time averagé holographlc interférometry which useés
shuttered coritinvous wave lasers. The tile avérage fechnlque is suitable for
the study of nodal patterns on standirig wave Vibration phenoména since the
higher order maxima or bright fringes decrease in inténsity as a function of
increasing displacement amplitude.

6.4 Double Pulse Holographic Interferometry

Figure 6. \1 illustrates the general optical configuration for a double pulse
hologram. The two laser pulses are approx1mate1y 30 nanoieconds in duration and
this value is much less than the wvibration perlod (w/2m) The laser beam
illuminates the diffuse object surface at two 1nstants in timé €. and t The
reflected light interferes with the reference beam in the holographlc pfate.




Object Surface

> X

FIGURE 6.1

A schematic representation of a flat surface at positions Z, and Z during

times t;, and t,. The path lengths of the two lasers pulses are deSignated
by the rays S, and Sy '

1.0 re-

(3

0.5 -l

FIGURE 6.2

The relative irragiance function I/I_ for time average holography is
proportional to J. (¢) where ¢ is the normalized displacement amplitude
of the sinusoidal displacement.
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The object rays O, and 02 have the same amplitude |0,]:

1

0y

'6 llexpi¢‘
(6.20)

0, {0, fexpi($,+4d)

§

where O_ is phase shifted by‘A¢ compared to O, because of the object motion.
Equatian 6.1 gives the recorded intensity pattern for a square law detection as

2 2 2
I/IO = lol+021 = 4]01{ cos A$/2 (6.21)
The condition for an intensity minima in Equation 6.21 is
Ay = (2n+1)7w n=0,1,2 ...
= do(cosa+cosa)21r/x (6.22)
= 2nd/X,
Equation 6.22 can be solved to yield
do = (2n+1)7A/2(cosa+cosB) n=0,1,2 ... (6.23)

The minima (dabk fringes) are at points where the displacement do satisfies
Equation 6.23. The relative intensity maxima occur when dO satisfies the
following equation:

do'= nA/(cosa+cosB) n=0,1,2, ... (6.24)

The above formulation will only yield the relative change in the displacement
d between two points on the object surfate during the time interval At.
The absolute vibration amplitude at a single point on the object surface is
determined by counting light or dark fringes from a reference point of zero
motion (n=0). This zero motion information must be determined by some other
means such as accelerometer data, etc. The zero motion or zero amplitude regions
are always bright fringe areas, however, all bright fringes have the same
intensity for pulse holograms as opposed to the J intensity modulation for
time average continuous wave holograms. The rela%ive phase of the two laser
pulses for the sinusoidal object,surfaCe motions must also be known to determine
the absolute vibration amplitude. Figure 3.13 illustrates this timing sequence
using an accelerometer at a single point on the object surface.




The lower curve in Figure 6.3 is a graph of acceleration as a function of
time for a simple sinusoidal motion

a(t) = —szsinwt (6.25)

where A is the amplitude and w is the radial frequency. The function a(t) can
also be integrated twice to yield the displacement function

z(t) = Asinwt (6.26)

which corresponds to the upper curve in Figure 6.3.

The displacement d0 between the two laser pulses is

do = z(tz)—z(tl)
(6.27)
= A(sinwtz—sinmtl)-
The quantity do is also equal to
do = (2n+1)Ar/[2(cosa+cosB)] (6.28)

Equations 6.27 and 6.28 can be solved to yield the amplitude function

A = (2n+1))2/[2(cosa+cosB) (sinwt —sinwtl)] . (6.29)

2

This number n is determined by counting the dark fringes between the zero motion
or nodal point and the accelerometer measurement point. This procedure calibrates
the amplitude function A for all points in the immediate vicinity of the
accelerometer.

7. MEASUREMENT OF STRES5-STRAIN PARAMETERS

The vector displacement i = IL + EL + ﬁL at each point on an opague,
diffusely reflecting object can bexmeasuged us%ng holographic interferometry.
The deformation of test objects can be used to determine the stress, strain,
and bending moments. The strain is related directly to the derivatives of the
displacement while stress and bending moments are inferred from strain measure-
ments via the constitutive equations of the material. The Hooke's law of
elasticity and the corresponding elastic constants are used for linear or
elastic materials.




Z = Asinwt

zm />
N\

a (v 1///’~\\\\

a() =-Aﬂ$shwuf

FIGURE 6.3

The bottom graph represents acceleration as
a function of time as measured by an acceleromete
. on the object. The top curve represents the
: corresponding displacement function.
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The mechanical strain is calculated by differentiating displacement
measurements which are dete:mined by fringe localization observations. A
standard notation is adopted to use U,V,W in preference to L , L , L for
the displacement vector at a point x,y,z on the object. Thexstrgin fensor
is a quantity which contains nine components. Six of these components are
independent and they consist of three uni-axial strain components and three i
shear strain components. These tensor components are defined mathematically as

ex = axU .
e =23V
y y
e =9 W
z z
ny = (3yU+axV)/2 (7.1)
= (3
sz ( zV+3yW)/2
Yow = (axW+azU)/2

where the e's are the uni-axial strain components and the y's are the shear
strain components for infinitesimal displacements. The uni-axial strain
components are the change in length per unit length of a small element of
material along each coordinate direction. The shear strains are related to
a decrease in angle between two line segments of material points which were
initially parallel to the coordinate directions.

Holographic interferometry does not provide sufficient information to
evaluate all of the derivatives in Equation 7.1. Three independent fringe
observations yield three independent components of displacement U(x,y),
V(x,y), and W(x,y) on the surface. This information is sufficient to cal-
culate the in-plane strain components € , € , and Yy in the object surface
and the in-plane rotation wz about an aﬁis Xormal to” the surface where

w = (3 W=3 V)/2

x vy z

w = (9 U-3 W)/2 (7.2)

y zZ X

w = (3 V-3 U)/2 .
z X y

are the infinitesimal rotaticnal object motions. Holographic interferometry
does not provide a complete specification of all six strain components in
Equations 7.1 and 7.2. The derivatives of displacement with respect to the
coordinate which is normal to the surface are not determined, consequently,
only three of the six independent strain components are determined from the
fringe analysis techniques. The knowledge of the displacement components
U(x,y), V(x,y) and W(x,y) is sufficient to describe the special case of
plane strain.
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8. RIGID BODY MOTION

Rigid body motion is an important example of fringe formation and ..
localization. The most general rigid body motion consists of a translation
and a rotation. The quantities Lx’ L_ and L_ are constant at all points on
the object surface so that the deriva¥ives L, where i,j =1, 2, 3 are
equal to zero. The denominator of Equation B.9 is equal to zero and the

- fringes localize at z=».. These fringes are observed with good visibility

only at infinity and in the back focal plane of a lens. If the illuminhation
beam is spherical, then the unit vector K. is not constant and curvature
effects are not negligible if the point source is sufficiently close to the
object. .

" Consider the example where the object+moticn is purely translational. -
The assumptions are made that the vector K, is constant over the object and
that the illumination beam is a collimated source; Ihe‘gringes localize
at infinity and the basic phase shift is A¢ = 2n(K2—K1)-Le The equation
for bright fringes is '

KL +KL +KL =N\ N=0,1,2, ... (8.1)
X X Yy z z

If the object motion of a doubleyexposure hologram is a trarnslation parallei
to the gurface, then the fringes are perpendicular to the surface displacement
vector L. The phase difference

A = 2n(k, - K L /A (8.2)

is a constant for all ray pairs leaving the surface with a value of K

If a lens is placed one focal length f from the object surface, thén %ﬁe
fringe spacing df in the back focal plane ig \

df,= Af/Lx (8.3)

> .
No fringes are visible ifqﬁ-L = 0, This condition*implies that the displace-
ment L is perpendicular to the sensitivity vector K.

A translation of the object normal to the surface gives rise to circular
fringes of equal inclination. The phase difference

Adp = 2n(Kzz—Klz)Lz/A (8.4)
is constant for all ray pairs which are paralled to a specific direction
where, for simplicity, we consider sz = 0. A phase shift of 2mni gives

Koy = Ky * mA/LZ (8.5)
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Since K_ is a unit vector

2
2 2 '
K2x * KZZ =1 (8.6)
2013

so Koy = {1 - [Klz + m(l/Lz) 1} (8.7)

The quantity ml/LZ is generally small compared to Klz so that

- 2 1
K2x = [l—Klz - 2mKIZA/LZ] (8.8)
The center fringe for which K2x = 0 is
2

m = Lz(l—Klz)/(ZKle). (8.9)

The nth fringe is at a radius re from the center of the focal plane and it
is given by

1
~ Z
rf = fK2x = f[2nKle/Lz] . (8.10)

A third example of a rigid body motion is a rotation about the Y axis
on the object surface by a small angle 6. The displacement vector L is
given by the approximate expressions

L =0

X
L =0 (8.11)
y
L =9

4 X

The localization conditions B.9 yield
2
z = _K2xK22x/Kz
2 K2 6X =0 (8:12)
2z 2y
where again it is assumed that K2 = 0. The equations of the bright
fringes are y

KZeX = NX (8.13)
where N=0,1,2,.., etc. Equations 8.12 are satisfied if K = 0 and the
fringes will then localize on the object surface. Genera%¥y an observer
will see straight line fringes which are parallel to the axis of rotation
when the object rotates about an axis on the surface. When the object rotates
by an angle & about an axis parallel but off of the surface, the fringes do
. not lie on the object surface.



[ s

A final example of fringe localization and analysis is the cantilever
beam. The beam is assumed to be of length L with one end fixed rigidly to
a massive object as shown in Figure 9.1. The x axis coincides with the
original unbent position of the beam. The differential equation of the
bent beam is

2
EI d—% = M. (8.14)
dx
The quantity M is the bending moment which is‘given by
M= -PL + Px - (8.15)
where P is the vertical reaction force. |
A double integration of Equation 8;14 yields
 Ely = —PLx2/2 +,Pk§/6}+»plx + C2 (8.16)
where E.is the modulus of elasticity:énd I is the moment of inertia . of the

cross section about the neutral axis. The conditions that dy/dx and y(x)
vanish at x=0 imply that C.,=C_=0. If the maximum deflection of y is given by

1 2
y(L) =4 (8.17)
then
3
-PL
o ——
do 3ET (8.18)

The vertical displacement y(x) is now

y(x) = q [3(x/1)% = (x/1)%1/2 « (8.19)

The vector displacement i is

[ =-.,doiiz[3(x/L)2 - (x/L)3] = NA -(8.20)
The equation for fringe localization is z=0+whigh corresponds to the fringes
lying directly on the surface. The vector K = K. — K_ and the unit vectors
4 1 2
Kl’ K2 are all normal to the surface.
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9. Fringe Analysis of the Cantilever Beam

9.1 Cantilever Beam Fixture

A relatively simple frihge system to analyze is the cantilever beam which
is shown in Figure 9.la. The beam is fixed at one end while a static force
is exerted normal to the beam at the other end. A double exposure hologram
was taken of the cantilever beam with a continuous wave (CW) HeNe laser. The
beam was displaced at its free end by an amount d, as described in Eq. 8.19.
A single exposure was taken before and after the displacement d, to simulate
a double pulse hologram of a cantilever beam which is vibrating in its
simple bending mode with a frequency of 22Hz and an amplitude of 240u. The
same fringe pattern is generated with a static displacement of 6.6p utilizing
the CW double exposure method. The pulse method in this case dramatically
reduces the measurement sensitivity which is important for large amplitude
measurements.

The resulting CW fringe pattern for the beam displacement is graphically
illustrated in Figure 9.1b. The zero motion light fringe corresponds to N=O,
and it is located at the clamping point of the beam to the support fixture.
The higher order fringes become more closely spaced as the beam deflection
increases non-linearly according to Egq. 8.20. '

9.2 Image Digitization

The fringe pattern in Figure 9.2 was scanned with a closed circuit TV
(CCTV) camera and displayed on a monitor. The video rf signal was sampled by
a video compression device which heterodynes the video signal down into the
audio frequency range. Figure 9.4 is a photograph of the TV monitor with the
line cursor and the audio signal superimposed on the cantilever beam image.
This audio signal inputs a single scan line across the original fringe pattern
into a Fast Fourier Transform (FFT) analyzer. Figure 9.3 is a block diagram
of the digital circuitry for this data analysis instrumentation.

.9.3 Fourier Analysis

A siﬁgle line scan of the holographic fringe pattern in Figure 9.4 is shown
in Figure 9.5. This time domain segment quite clearly has a periodic component
which is modulated by some envelope function. The general form for this in-

tensity pattern can be obtained from Eq. 6.21 and has the following expression:’

I/IO = A(t) + B(t) cosA¢ 9.1
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where A(t) is an additive function due to some slowly varying background effects
and B(t) is essentially an envelope function. The magnitude of the Fourier
Transform of the signal in Eq. 9.1 is displayed in Figure 9.6. The original
time domain signal was sampled with a block size of 512 points. The frequency
spectra in Figure 9.6 display the magnitudes of the 256 complex valved Fourier
components. Since A(t) is relatively constant over the entire time domain
signal, an elimination of the lowest frequency components should remove much

of this additive term and all of the DC component. The two spectra in Figure
9.6 are the original and high pass filtered data which have been rescaled and
plotted on one graph. The B(t) or AM modulated term represents a more difficult
problem. Since B(t) cosd¢ is a product function in the time domain, the
frequency domain signal will consist of the convolution of the Fourier trans-
forms of B(t) and cosA¢{(t). These two spectra are effectively smeared together
and no simple filter function can be constructed without knowing B(t) explicitly.

Figure 9.7 contains the inverse transform of the high pass filtered
spectrum in Figure 9.6. The additive term A(t) and the modulation term B(t)
are much smaller after this filtering operation. The DC or mean value of the
signal is equal to zeroc so the zero crossing points are quite evident. The
location of the dark fringe centers corresponds to the minimum intensity peaks
while the location of the maximum intensity peaks corresponds to the centers
of the bright fringes. The non-uniform fringe spacing increases from left to
right and corresponds to a monotonically decreasing fringe separation distance
as shown in Figure 9.1b.

The remaining AM modulation effects can be removed by analyzing either
the positive and negative peaks or the zero crossings of the fringe data.
The position of these points are first located and recorded using a computer
algorithm. A listing of these points is shown in Figure 9.10. If the
additive term A(t) in Eq. 9.1 is negligible, then the zero crossing data is
exact since the product of B(t) cos¢(t) is zero when only one of the functions
is zero and is independent of the value of the other function. However, if
A(t) is not negligible, then the zero crossings of the data will not
necessarily correspond to times when cos¢(t) is zero. The extremal points
of the data are relatively independent of A(t) and B(t). The disadvantage
of using the extremal points is that no distinct peak may exist.

The additive modulation terms were removed by inserting a positive or
negative half period of a sine wave between two consecutive extremal points.
The result is a pure frequency modulated (FM) signal with constant amplitude
and variable spacing between consecutive extremal points. This signal is shown
in Figure 9.11.

A comparison of the frequency spectra for the original and FM modified fringe
data is illustrated in Figure 9.8. The '"pure" FM modulated fringe data spectrum
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nas more detail than the former. This result follows because the product of

AM and FM medulated functions in the time domain corresponds to a convolution
of the two functions in the frequency domain. The convolution operator smears
the product spectra and removes much of the detailed resolution. '

9.4 Data Analysis

Figure 9.9 contains a graph of the fringe order along the cantilever beam
from the zero fringe position as a function of the distance of that particular
fringe from the zero fringe position. The numerical values for the data points
in Figure 9.9 are obtained from Figure 9.10. An equation for the smooth curve
in Figure 9.9 is obtained by using a least squares estimate. The equation
for the dimensionless cantilever deflection is illustrated in Figure 9.12.

The polynomial coefficients for the least squares curve fit are also displayed
for both the zero-crossing and positive/negative peak measurements. All dis-
tance measurements X/L are normalized relative to the length L of the cantilever
beam. The three polynomial coefficients in Figure 9.12 are very nearly the:
same for either the zero-crossing or extremal point data. The ideal cantilever
beam has an equation of the form

2 3)

F(x) = NAx = dg(3T° = T 9.2

T

X/L
as found in Eq. 8.20. The linear term in Eq. 9.2 corresponds to a notation of
the beam about the clamping point or zero fringe position. The remaining

discrepancies between. the experimental and theoretical results is attributable
to the non-ideal behavior of the metal beam.

EQUATION FOR CANTILEYER BERNM

F (%) =N\=d (~TS+3T<)
WHERE T=(X-L)

CURVYE OBTRINED
USING: ¢ F(X)=HA\=d(—4.65T3+13.71T+6.22T)
0 cRUSSINGS F(X) =M\=d(—4 .62T +19.72T2+6 .14T)

.12
FIGURE 9.1 4=DIS T

X=DISTANCE ON BEAM FROM BASE
L=LENGTH OF BEAM
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10. SUMMARY -

Double exposure holograms have been taken of automotive components using
a highly tuned ruby laser. Techniques are described for operating the laser
and synchronizing the output relative to a vibrating object. Primary

emphasis is placed upon the M151 utility truck. Excellent quality double =
exposure holcgrams reveal a great deal of local and global displacement

amplitude information about the vibrating vehicle structure. A sequence of —
holograms is taken relative to the No. 1 spark plug pulse. These holograms .7

are used to analyze engine displacement functions over an entire firing
sequence. Additional holograms of the side door panels reveal the effects
of the mechanical fastening upon the panel vibration behavior. This infor-
mation is important for determining velocity profiles and the consequent
acoustic power radiation from these panels.

Techniques are described for quantifying the fringe data in terms of
the mechanical parameters for the structure. The density and contour of
the holographic fringes are related to a surface displacement during the
time interval between the pulses. The holographic fringe patterns are
digitized and processed using a digital computer. The displacement of a
cantilever beam is analyzed using these techniques. A good agreement is
found between the experimental and theoretical results.
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APPENDIX A

FRINGE FORMATION

The object surface consists of a collection of point scatterers. When
an arbitrary point P undergoes a displacement L to a new position P', the
holographic fringes result. from the interference between the light which

-is scattered from P and P'. Figure A.la illustrates the essential elements

of the holographic recording system. The object is illuminated by a point
source which is located at the origin 0. Light is scattered by an object
point P through the hologram to an observer at point Q. A double exposure
hologram is recorded on a phgtographic plate, and between exposures point

P is displaced by, an amount L. The observer Q who is looking at point P sees
the displacement L produce an optical phase shift A¢(x,y).

Several veclors are defined in Figure A.1b to determine the relationship
between A¢ and L. The Xectors+R and r, lie in a plane which is defined by
the points 0,P,Q while K. and K, are propagation vectors for the light
illuminating P and the light scattered toward the observer. The magnitude of
the propagation vectors is 27/A and the phases of the two light rays which
reach the observer are ‘

Y

K. - (B ) 4
¢ = Kyrry + Kye(Rery) + 6,
(a.1)

E >
¢y = Kyorg

-+ <> > o
+ K4-(R—r3) + ¢r

The quantity ¢, is the phase of the light which is scattered by P before
displacement, ¢, is the phase of the light which is scattered by P after
displacement, and ¢ is the arbitrary phase which is assigned to these rays
at the point source 0. The phase difference A¢ which is measured by the
observer Q. is

b = ¢, - . (A.2)
The propagation vectors i and ﬁ are para11e1+to the observation directions

>
after the displacement L. The small changes AKl and Aﬁz in the propagation

* vectors are given by

N+
il
~+
+
>
~

(A.3)

=+
it
=¥
+
>
=

71




The phase difference A¢ is given by

b6 = (KK )e(r.—r.) +AK +r_ + 8K - (R-r.)

o = (K=K )+ (r,-r,) + 8K -r, + 8K, -(R-r ), (A.4)

The magnitudes of ; and r are usually much greater than L = 1 ;

consequently, the vectors gK and AK are perpendicular to r ang >

(R—r ) respectively. Equation A.4 reduces to Equation A.5 for the conflguratlon
in Figure A.lb. These two scaler products vanish in Equation A.4 and A¢ becomes

K ...K -l. A 5)

K
2 M

i d

>
K =

Y. (A.6)
Ap = KoL

The approach for measuring a three dimensional displacement is now quite
§tralght forward. Since a single observation yields one vector component of
L, three 1ndependent observations must be made to measure the three independent
components of L Three holographic 1nterferograms which are recorded along
three independent orientations of the vector K_ can be used to obtain the
necessary data. A system of three equationg in three unknowns is used to
uniquely determine the displacement vector L.
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APPENDIX B

FRINGE LOCALIZATION

The fringes which one observes on a double exposure hologram of an
object appear to be localized in space. These fringes may appear on the
object surface or they may be localized in front or behind it., These latter
fringes exhibit parallax as the observer shifts his viewing position.

The optical interference pattern occurs on the retina when a person views
a double exposure hologram. The imaging system plays a very important role
in forming the holographic fringes. The most important parameter is the
aperture or entrance pupil which determines the solid angle of the ray cone
that forms the image at each point in the image plane. A large aperture
increases the resolution of the holographic fringes with a corresponding
decrease in the depth of focus. The result is that fringes must be localized
on or near the object surface for both to be in sharp focus. The small
aper ture increases the depth of field, but reduces the resolution and amount
of light at the image plane.

A typical system is shown in Figure B-1 for viewing a double exposure
hologram. A lens which focuses on a plane in front of the object surface
images the composite optical field onto a detector surface. The interference
pattern at Q' is identical to the one which is formed at Q by the same cone.
The observer at Q' detects the light arriving in a ray cone which is centered
on the axis PQQ' which has a solid angle that is determined by the aperture
The ray cone emanates from the point Q and it is projected to the point Q'.

A pair of rays travel along each ray path - one each emanating from two
images of the object. The pair of rays arrive at Q differing in phase by
the amount A¢. The irradiance at Q is the sum of irradiances of all the ray
pairs within the cone. The interference pattern near Q is the sum of all
interference patterns due to motion of surface points within the cone. The
value of A¢ varies significantly within the cone, and no holographic fringes
are observed for a viewing system with large apertures near such points.,
A well defined average irradiance and fringe pattern exists near a point
where the value A¢ is nearly constant within the cone. An observer finds that
holographic fringes lie near a surface in space which is the locus of such points.

The localization of points Q with constant A¢ are determined by a variation
of A¢ to minimize its value over a small cone of ray pairs. The condition of

fringe localization is

d(se) = aX(A¢)dx+ay(A¢)dy = p (B.1)
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where dx and dy are differential changes in the object which is viewed
from the points Q (X,Y,Z). The quantity z is the distance from the
surface to Q. The values of z define the surface of fringe localization
as depictedrin Fig. B.Z2.

The curvature of the illumination wavefront is quite small in most
applications of holographic interferometry. The case of collimated object
illumination affords considerable analytical simplification and it will be
discussed in detail.

The expression for A¢ is given by Eq. B.2

A = 21K=L/2rp (B.2)

>

+ >
where K = K2 - Kl is a vector parallel to the sensitivity direction.

-3
The vector K, is constant for collimated illumination while K and L
are functions of the surface coordinates x, y and the observer position Q.

Equation B.1 for collimated illumination becomes:

K* L +x* L +k* L +k L +k L +k L ) ax
2x X 2y 'y 2z 'z x X y y z z

(B.3)
+ KYL +k7 L +k7 L +K sk Y4k LY) ay=0
2x X 2y 'y 2z z X X Yy y 2z z

where the superscript denotes partial differentiation with respect to
either x or vy (i.e. 3 K = K ). Summation notation for Eq. B.3 is
y 2x 2x

. (Ko, L, +K, L)) ax" =0 (B.4)

iy 23 3 j 3
where the indices i, j are summed over the variables x, y and x, y, 2 N
respectively. Expressions for the derivatives of the components of K
are obtained by geometrical considerations from Fig. B.2. The vector
K. always points from the object point P (x, y, o) to the fixed observation
point Q (X,Y,Z). The distance PQ.is devoted by p. The components of

K2 are given as follows:

K2x=(x - X)/p'
K2y=(Y - y)/
K22=Z/p
1

o = [(X - x)% + (Y = y)2 & 2°F
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The derivatives of k_ . are obtained from Eq. B.5 subject to the condition

that 23
K2 + Kz + K2
2% 2y 2z = 1 (B.6)

The quantities K. are given as follows:

23
x 2 2 y
Kox = Kap Koy + K02, Ky =Ky Kox Koy
_ y 2 2
2y = Kzz K2x sz / z sz K2z (K2X + Kzz )/ z »(B.7)
K- =K. K. K. /= K =K K K _/ =z

2z 2z 2x 2z 2z 2z 2y 2z

The localization condition (Eq. B.4) yields after combining Egs. B.5 and

2
{K 2 [ K2y + K2z) Lx - K2x K2y Ly - K2x KZsz 17/ =2

-k *+x X+x LX) ax
X % Yy vy z z

2 .
+ {K [ - sz sz Lx + (K ax ¥ K2z) Ly - sz K2z Lz V/= (B.8)

- Y +xk Y+ YR ay=o.
X X Vv 'y Z2 z

If the coefficients of dx and dy are varied independently, then each
coefficient can be set equal to zero.

K [K2+kK )2L -K. K. L -K K. L ]

2= 2z 2y 2z x 2x 2y y 2x 2z =z
x x x
[KZxLx + KyLy + KZLz ] (B.9)
K, [K,_K,_ L +(K2+K2%L -k K _L]
2z 2x 2y X 2x 2z y 2y 2z 2z
&=

(x ¥ +x ¥+ K, Ly)
X X Y vy

Each of the equations B.9 generates a surface z=z (x, y) in space when
particular values are uniquely specified for ﬁ ’ Kz, and f * Since both
operations are satisfied simultaneously, the fringes are localized along
a curve which is the intersection of the two surfaces.
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